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In this study, the mechanical properties of the deposited coating consisted of copper 
nanoparticles and then the polymer carbon-based nano-composites are explored 
respectively through various mechanical tests. In the first part, laser-induced chemical 
solution deposition is introduced as a recently developed nano-manufacturing technique to 
deposit thin film of copper nanoparticles on the copper substrate. In order to assess the 
performance and properties of such porous nanostructured materials deposited by this 
method, the micro-structure of deposited material is characterized by SEM and its 
mechanical properties are investigated by a variety of experiments such as micro-hardness 
test, nano-indentation test, bending test and adhesion test. The mechanical properties of 
metals with surface deposition have been shown to be inherently strong to allow effective 
usage in industrial and other applications. In the second part, different types of nano-
composites are studied: polymer matrix incorporated with two comparable nanoscale 
additives. The popular carbon nano-tube and graphene nano-platelets are introduced into 
epoxy matrix. Uniaxial tensile test and dynamic fatigue tensile test as well are conducted 





Both nanofillers show a decent improvement in ultimate tensile strength and Young’s 
modulus, especially for graphene nano-platelets which are particularly helpful in adding 
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CHAPTER 1. INTRODUCTION 
1.1  Nanostructured Material Deposited by Laser-induced Chemical Deposition 
Physical Vapor Deposition (PVD) and Chemical Vapor Deposition (CVD) are two 
top-used deposition techniques to deposit thin films or coating architectures onto various 
substrate surface, especially for semiconductor industry. PVD is practically a vaporization 
coating technique based upon the vaporized form of the desired coating material and 
deposition of it onto substrate. It involves only physical processes such as thermal 
evaporation and sputtering. PVD coating are commonly used to improve the products 
hardness, wear resistance or oxidation resistance in industrial field like automotive, 
aerospace and medical application. On the other hand, CVD is basically the formation of 
solid materials via reaction of precursors or chemicals that contained the required 
constituent on the substrate surface to produce desired coating. CVD is widely used in 
semiconductor industry, especially for depositing super-thin (atomic level) coating. 
Both PVD and CVD have been studied and well developed for many years. L.A. 
Dobrzański and his group compared the properties of different coatings on cemented 
carbide and cermet substrate when the coating deposition was carried out by PVD method 
[1]. P.K Mehrotra and D.T. Quinto used a specialized method to measure the adhesion, 
micro hardness and fracture toughness of CVD coating [2]. They also studied the 





However, both PVD and CVD have their disadvantages. For PVD, the rate of coating is 
usually very slow and the homogeneity of deposition thickness is difficult to achieve. 
Moreover, this process is typically operated at very high temperature and vacuum condition 
which requires appropriate cooling system and special attention. For CVD, the 
manufacturing process is relatively complex and there will be lots of toxic or corrosive 
gasses emitted from the reaction of precursors and chemicals.  
Recently, Chemical Solution Deposition (CSD) or Sol-Gel process which uses 
liquid phase as a transfer media has become another dominating deposition technique other 
than PCD and CVD. CSD process and chemical solution deposition of electronic oxide 
films had been studied by R.W Schwartz and his group [4]. T. Schneller and his partner 
also introduced the application of CSD [5].  
In this work, we employ a new technique of deposition: laser-induced chemical 
solution deposition which is similar to CSD, but uses laser-induced thermal shock to 
accelerate the production rate. During this process, a laser beam is focused on the top 
surface of substrate and initiate the chemical reactions within a tiny area. This processing 
method costs less time and money, along with producing less heat and poisonous gaseous 
by-products than the conventional methods during the material deposition. Such 
advantages make the laser deposition easy to conduct and environmentally friendly. Thus 
it is important to understand whether the nano-structured materials created have the basic 
strength for supporting different application intended. In the following sections, we will 
explore the mechanical properties of the thin film (coating) deposited by laser-induced 





1.2 Polymer Nano-composites Synergized with Nanofillers 
Polymer nano-composites, especially the ones with carbon-based nanofillers have 
received prominent attention and been researched by considerable groups [6-8] over the 
last decades. It was observed in several paper [9-10] that the polymer composites with only 
few percent weight fraction of nanofillers had improved their mechanical properties as well 
as thermal conductivity dramatically. These nanofillers-reinforced composites therefore 
have many potentials in variety of structural applications, such as aircraft and electronics. 
Traditionally, carbon nano-tube is the most studied and utilized nanostructure as additive 
to enhance the mechanical properties of nano-composites. However, there are always some 
key factors limiting its applications: the cost of production is very high and its dispersion 
in polymer matrix is poor. Lately, graphene has been developed as another promising 
carbon material, and deemed as an alternative or supplementary nanofillers to carbon nano-
tube. 
Graphene is an allotrope of carbon in the form of an in-plane dimensional, 
atomically thin, hexagonal lattice where every carbon atom forms each vertex. Graphene 
has excited the scientist and emerged as an outstanding material due to its strong 
nanofillers-matrix adhesion, high specific area and aspect ratio. It also possesses 
extraordinary mechanical properties and conducts heat and electricity more efficiently. 
Previously, graphene building blocks was also proposed to construct other carbon-based 
nanostructure like carbon nanotube by rolling it up and vice versa. Now graphene is 





graphite oxide when bulk quantities of graphene nanoplatelets are needed [11]. Graphene 
nanoplatelets (GNPs) are multiple stacks of individual layers of graphene sheet.  
In this study, I use both multi-walled carbon nanotubes (MWNTs) and graphene 
nanoplateltes (GNPs) respectively as additives to reinforce the polymeric matrix. My goal 
is to determine the effects of different nanofillers on the composites’ mechanical behavior. 
Epoxy is selected as the polymer matrix since it is a necessary technological material for 
composite applications ranging from paints and coatings to adhesives used in industrial 
engineering. In order to alleviate the poor condition of dispersion, acetone is also 
incorporated as surfactant during mixing process. At a fixed weight fraction of MWNTs 
and GNPs, we can compare the difference of these two nano-composites under tensile load 
and find out which nanofiller provide the polymer nano-composite a better performance. 
For each type of nanofillers, the filling fraction of the nanofiller has a great impact on the 










CHAPTER 2. MATERIALS, LASER-INDUCED CHEMICAL DEPOSITION 
PROCESS AND EXPERIMENTS FOR THE DEPOSITED MATERIAL 
2.1 Materials Selection 
C110 copper rectangular bar (thickness=1/16 inches, width=1/2 inches) was 
obtained as substrate from MSC Industrial Supply Co., NY, USA. Other chemicals 
including copper chloride dihydrate, EDTA, sodium hydroxide, formaldehyde solution, 
nitric acid and deionized water were purchased from local chemical store. 
2.2 Sample Preparation and Processing Method 
The copper substrates were milled to dog-bone shape (table.1, Fig. 1) for uniaxial 
tensile test and laser deposition. After milling, all dog-bone shape samples were annealed 
in a vacuum chamber at 600°C for 1 hour in order to remove strain hardening and residual 
stress effects, followed by polishing them with sand paper. 
 





Table 1. Values of each individual dimensions labeled in figure.1 
Dimension Designation Value 
W (Width of gauge section) 8 mm 
R (Radius of Fillet) 6mm 
G (Gauge Length) 25 mm 
L (Overall Length) 100 mm 
A (Length of the Reduced Section) 32mm 
B (Length of Grip Section) 21mm 
C (Width of Grip Section) 12.7mm 
T (thickness) 1.5875mm 
 
Copper nanoparticles were deposited on the substrate within an aqueous electrolyte 
solution. The electrolyte solution was prepared by adding 0.2 g copper chloride dihydrate, 
0.7 g EDTA, 0.3 g sodium hydroxide and 4.5 ml 36.5% formaldehyde liquid into 50 ml 
deionized water. Copper chloride dihydrate served as the copper (Cu2+ ion) source. 
Formaldehyde in alkaline medium acted as the reduction agent. EDTA was the complexing 
agent of Cu2+ ion to prevent the precipitation of copper hydroxide and its chemical reaction 
can be written as: Cu (EDTA) 2-+2HCHO+4OH-→Cu+EDTA4-+H2+2HCOO
-+2H2O [13]. 
Before laser deposition, copper substrates were rinsed by nitric acid (10mM) and deionized 
water to remove oxide layers. After the preparation of electrolyte solution, one rinsed 
copper substrate was put inside the solution. The laser assisted electroless deposition of 
copper nanoparticles was conducted with an ytterbium pulsed fiber laser and its conditions 
was listed as Table. 2:  
Table 2. Laser conditions for the deposition process 
Laser power 5 W 
Wavelength 1064 nm 
Frequency 50 kHz 
Pulse duration 100 ns 
Beam size 1 mm 





2.3 Material Characterization 
Top surface of the deposited sample was imaged by scanning electron microscope 
(SEM). After 4 hours of laser assisted electroless deposition, the SEM images of the 
deposited copper nanoparticles were shown in Fig. 2. The diameters of copper 
nanoparticles were about 50nm estimated from SEM images by software ImageJ and the 
total thickness of coating was about 3μm. A thickness of 8μm coating was achieved after 
8 hours of deposition. A schematic diagram of the micro-structure was also depicted in Fig. 
3. 
A uniaxial tensile test of dog-bone copper substrate was performed in the first place 
in order to get its elastic modulus as a benchmark. From the elastic regime of stress-strain 








































All samples’ number and their morphology of deposition were marked as follows: 
(1) Sample 1 (Fig. 5.): rectangular sample with 3μm coating (40mm12.7mm).  
 
Fig. 5. Overview and SEM images of 3μm coating: (a) overview of sample 1, (b) top 
view (30000X) of 3μm coating, (c) side view (4000X), (d) side view (7000X) 
 
(2) Sample 2 and sample 3: both are dog-bone samples with 3μm coating.  
(3) Sample 4 (Fig. 6.) and sample 5: both are dog-bone samples with 8μm coating. 
 






2.4 Mechanical Tests and Results 
To investigate feasibility of laser-induced chemical solution deposition or 
mechanical properties of the deposited layers, we performed micro-hardness test, nano-
indentation test and adhesion test.   
2.4.1 Micro-hardness Test 
Hardness is a measure of how resistant solid material is to different kinds of 
permanent shape change during compressing force is applied. Our micro-hardness test was 
designed based on ASTM standard B933 [14]. In order to minimize the penetration depth 
and effect of substrate, we used a calibrated Leco M-400-H micro-hardness tester with 
Knoop indenter, which was particularly designed for thin sheets and small indentation. The 
test specimen was put on a plasticine hold to ensure that its top surface was stable and 
perpendicular to the axis of the indenter. The pyramidal diamond indenter was forced into 
the top surface of test specimen under an applied load=25gf, magnification=40, and 
holding time=10s. The length of long diagonal of the indentation was measured down to 
0.1μm through microscope and its hardness values were calculated from the applied 
indentation force divided by the resulting projected area. Additional tests were made by 
spacing the indentations with appropriate distance so that adjacent tests did not interfere 
with each other. In our case, I measured independently 10 times and took the average for 
each specimen. 
The Knoop hardness (HK) relates to the applied load, indent area and geometry of 






HK value by 0.009807. The results of micro-hardness tests were shown as follows as Table. 
3.  
Equation 1: Calculation of Knoop hardness, where P is the applied load in g, D is the 
measured length of long diagonal in micrometer. 
HK = 14229 ×
P
D2
   [kgf/mm2] 
Table 3. Knoop Hardness values and its standard deviation for different samples 
 HK Hardness (GPa) STD (GPa) 
Copper substrate  
(as-received) 
142.1 1.39 0.047 
Copper substrate 
(annealed) 
100.8 0.99 0.08 
Sample 1 (3μm) 183.8 1.8 0.161 
Sample 2 (3μm) 126 1.24 0.06 
Sample 4 (8μm) 104.5 1.02 0.084 
 
 
2.4.2 Nano-indentation Test 
Nano-indentation test is developed to measure the hardness of small volumes of 
material. Unlike traditional indentation technique (macro or micro indentation) which is 
limited by large and varied indenter tip shapes, nano-indentation possesses a smaller 
precise tip shape and higher spatial resolution. Above all, nano-indentation test provides 
real time load-displacement data when indentation is in progress and homogenized 
properties could therefore be studied particularly in composite materials. During a nano-
indentation test, a prescribed load is applied to an indenter in contact with the specimen 
surface while the applied load and penetration are continuously recorded. If the properties 
and geometry (e.g. area to depth ratio) of the indenter are known, the indentation hardness 
and modulus can be derived by the Oliver and Pharr method [15]. For Berkovich indenter, 






is very high and Poisson’s ratio is always small, the indentation (reduced) modulus is 
usually considered as the elastic modulus of test specimen approximately. 
 
Equation 2: Hardness and Modulus calculated from a Berkovich indenter, where P is the 
applied load and hc is the contact depth of penetration. dP/dh is the slope of the initial 












The nano-indentation experiments were performed under ambient conditions using 
a TI-950 TriboIndenter (Hyistron Inc, MN, USA) equipped with a three-sided pyramidal 
Berkovich probe (AA11051214). A fused quartz sample was used for the standard 
calibration of its tip area function and instrument frame compliance prior to testing. The 
nano-indentation tests were load-controlled through a partial load function (Fig. 7) and the 
samples under such a loading-unloading condition would behave like Fig. 8. 
 























Fig. 8. Load vs. indentation depth recorded for copper substrate 
 
For each test sample, we designed 49 (7×7 array) different indent locations (Fig.9) 
with a spacing of 15μm. We could get 5 hardness and modulus values respectively for each 
location from one loading-unloading curve, and therefore 245 hardness and 245 modulus 
values totally for each sample. By averaging the hardness and modulus, the test results 
were summarized in Table. 4.  Center region was the middle area of coating which was 
fully deposited with nanoparticles, while transition region is the edge of coating which was 
partially deposited. 
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STD of E 
Hardness 
(GPa) 
STD of H 
Copper substrate as-received 96.077 7.33 1.82 0.38 
Sample 1 (3μm) 87.53 35.38 0.93 0.62 
Sample 4 (8μm) (center) 74.24 18.75 1.22 0.43 








All the data points of each specimen were demonstrated in Fig. 10-17. 
(1) Data plots of copper substrate: 
 


































































































Fig. 11. Modulus vs. depth of copper substrate under 5 different loading-unloading 
steps: (a) max applied load=2000μN, (b) max applied load=3000μN, (c) max applied 

















































(2) Data plots of sample 1 (3μm coating): 
 





































































Fig. 13. Modulus vs. depth of sample 1 under 5 different loading-unloading steps: (a) 
max applied load=2000μN, (b) max applied load=3000μN, (c) max applied load= 




























































(3) Data plots of sample 4 (8μm coating, center region): 
 









































































Fig.15. Modulus vs. depth of sample 4 (center region) under 5 different loading-
unloading steps: (a) max applied load=2000μN, (b) max applied load=3000μN, (c) max 
































































(4) Data plots of sample 4 (8μm coating, transition region): 
 




































































Fig.17. Modulus vs. depth of sample 4 (transition region) under 5 different loading-
unloading steps: (a) max applied load=2000μN, (b) max applied load=3000μN, (c) max 






























































2.4.3 Bending Test 
Three-point bending test could give us estimated values for modulus of elasticity 
in bending and flexural stress-strain response of tested specimen. We chose bending test 
here instead of tensile test to exam the mechanical properties because our coating was very 
thin and more sensitive to flexural stress change. But the test results could also be 
influenced by the ambient environment and loading rate. 
2.4.3.1 Analysis of Two-layer Composite Beam 
For a traditional three-point bending test, the stress and modulus can be easily 
obtained from simple beam theory as Equation 3. 
Equation 3. Flexural stress, strain and modulus. Where L=span length, b=specimen width, 













However, for our case -a composite beam-these expressions should be modified a 
little due to the inhomogeneity. The scheme of the bending test is shown in Fig. 18 and 19 
for a double-layer composite beam. The neutral axis from bottom is expressed as Equation 
4 and then the second moment of inertia can be calculated from neutral axis by using 
parallel axis theorem as Equation 5. Finally, the relation between the apparent modulus of 







                    Fig. 18. Scheme of three point bending test 
 
 










Equation 4: Neutral axis from bottom. Where h1 and h2 is the thickness of copper substrate 




2 + h2) ∙





































Equation 6: Tension and compression stress at bottom and top surface (negative sign 











   at midspan (bending moment) 
y = distance from neutral axis 
 
Equation 7: relation between the apparent modulus of composite beam with 2 layers and 
the modulus of coating. 










2.4.3.2 Static Bending Test 
Our bending test was performed by using MTS 810 hydraulic testing system. First of 
all, the copper substrate was tested at a specified load rate of 0.1mm/min until permanent 
(plastic) deformation occurred. The bending test results (Fig. 20.) presented some variation 
or noise of the output signal due to the small thickness of sample and applied load.  
 
Fig. 20. Static bending test for copper substrate: stress vs. strain  
 
The apparent flexural modulus of copper substrate calculated from the slope of stress 
vs. strain curve was around 40MPa. Based on the yield strength of copper substrate, we 
designed a similar static bending test for sample 4 whose coating thickness was 8μm. The 
load was applied below the yield strength so that the sample only deformed within the elastic 
regime. The test result was shown in Fig. 21 and its apparent modulus obtained from the 
slope of this curve was about 34 MPa which was slightly lower than that of copper substrate. 
This might be attributed to the small modulus of coating compared to the dense substrate. 
























repeatability in the future because the applied load and thickness of coating were relatively 
small, which made the difference between samples inconspicuous. 
  
Fig. 21. Static bending test for sample 4: stress vs. strain  
 
2.4.3.3 Fatigue Bending Test 
To inspect the fatigue behavior of samples, our bending fatigue test was performed 
on sample 4 by using cyclic displacement control. The test specimen was placed 
symmetrically on two supports and then loaded by a loading nose midway between the 
supports. The span length=30mm, displacement range=0-0.1mm (within elastic regime), 
frequency=10Hz. After 700000 cyclic loading, the coating surface was examined through 
SEM (Fig. 22). Later after 1 million cycles, another image was taken again on the same spot 

























Fig. 22. Overview and SEM images of nanoparticle coating after 700000 cycles: (a) 




Fig. 23. SEM images of nanoparticle coating after 1 million cycles: (a) top view 







2.4.4 Qualitative Adhesion Test 
To determine if the coating is properly adhered to the top smooth surface, adhesion 
test is used to assess the resistance of deposition or coating from substrate. Our qualitative 
adhesion test was designed based on ASTM B571 [17]: a hardened steel tool which was 
ground to a sharp point (e.g. chisel) was used to draw some lines and rectangular grid pattern 
on the coating surface with a distance of 3mm between the lines. When drawing the lines, 
sufficient pressure force was applied to cut through the coating till the substrate in a single 
stroke. If any parts of the deposition between the lines broke away from copper substrate, the 
adhesion was not adequate. 
After a satisfactory adhesion was exhibited, I placed a CHT tape (M.E. Taylor 
Engineering Inc., MD, USA), which possessed an adhesion bond strength of 60g/mm, onto 
a clean grid area with firm finger pressure. Shortly afterward, the tape was removed by 
grabbing one free end and peeling it off quickly. The adhesion was not enough if the tape 
had deposited particles that came from that grid area adhering to it. From the test result (Fig. 
24), the adhesion strength was adequate as no coating broke away between the scribed lines 
and no copper particles adhering to the tape. 
 






2.4.5 Porosity Estimation 
Porosity is a measure of empty space in a matter and usually defined as a fraction of 
the volumes of voids over total volume. Since the deposited coating consists of numerous 
copper nanoparticles, its porosity or relative density might be derived by approximate 
calculation. First of all, the weight of pure copper substrate was measured by XP26 Mettler 
Toledo micro-balance (Mettler-Toledo LLC, OH, USA), and the value was 14.817055 g. 
After laser deposition, the same sample (sample 5) was measured again and its weight 
became 14.821675 g. By subtracting the weight of copper substrate, we could know that the 
net weight of deposited layer was about 4.62 mg. For a fully dense part, the weight of 
deposited layer which could be estimated by multiplying its volume (1.68mm3) and copper 
density (8.96g/cm3) was 15 mg. And the relative density was also calculated as: 
4.62/1.68=2.75g/cm3. This estimation of relative density based on the volume of deposited 
coating was very rough, because it was assumed to be a regular rectangle and its volume 
simply came from lengthwidththickness. Sample 5 was also sent out to measure the 
porosity of coating commercially but the company proved that not being able to measure it. 








CHAPTER 3. MATERIALS, DISPERSION PROCESS AND EXPERIMENTS FOR 
POLYMER NANO-COMPOSITES  
3.1 Materials Selection 
Multi-walled carbon nanotubes (MWNTs) and graphene nanoplatelets (GNPs) 
were purchased from Cheap Tubes Inc. (USA). The properties of MWNTs were provided 
from the company: outer diameter=10-20nm, inner diameter=5-10nm, purity>95wt%, 
length=10-30um, Ash<1.5wt%, specific surface area>233m2/g, density=2.1g/cm3. The 
properties of GNPs were also provided by the company: lateral dimensions=1-2µm, 
purity>99wt%, number of layers<4, average thickness<4nm, SSA> 750 m2/g. The epoxy 
(system 2000 epoxy resin), curing agent (2120 epoxy hardener) and acetone were all 
supplied from Fibre Glast, USA. Mold Max®25 was obtained from Smooth-On, Inc. (PA, 
USA) to make silicone rubber mold. 
 
3.2 Sample Preparation and Processing Method 
The dispersion process was modified based on Rafiee’s methodology [18]. A 
preferred amount of nanofillers (MWNTs or GNPs) was measured and dispersed in acetone 
(ratio: 100ml acetone to 0.1g nanofillers) by an ultrasonic probe sonicator at high amplitude 
in an ice bath. After 1.5 hours of dispersion, a corresponding amount (30g) of epoxy resin 






In order to remove the acetone in the mixture subsequently, the container was placed on a 
hot (80℃) magnetic plate with a Teflon-coated bar stirring inside for 3 hours under fume 
hood. When heating was done, the mixture was put in vacuum chamber for 12 hours to 
ensure that all of the residual acetone had been evaporated. The mixture was then taken out 
and added with low-viscosity epoxy hardener (mix ratio is 100:27 by weight). A high-
speed shear mix machine was used to mix slurry thoroughly for 5 minutes at 2000rpm. The 
mixture was again placed in the vacuum chamber to get rid of air bubbles for 1.5 hours. 
Finally, the epoxy-nanofillers composite was poured into the mold (Fig. 25) and cured at 
room temperature for 24 hours, followed by 4 hours of post cure at 90℃ in a heating oven. 











3.3 Mechanical Tests and Results 
3.3.1 Static Tensile Test 
To research the nanofillers’ influence on tensile properties for epoxy composites, we 
compared the pure epoxy with epoxy nano-composites containing various weight fraction 
(0.1%, 0.3% and 0.5%) of MWNTs and GNPs. A low weight fraction of nanofillers was 
selected for the sake of uniform dispersion. Quasi-static tension tests were performed on a 
MTS QTest/50LP test machine. Extension rate was set to be 0.05 inch/min before the 
uniaxial tensile test, and the sample’s extension was measured by a clip-on type extensometer 
over a gauge length of 1 inch. The uniaxial tensile test results were shown in table. 5 and Fig. 
26-27. 
 
Table. 5. ultimate tensile strength (UTS) and Young’s modulus of pure epoxy and epoxy 
nano-composites from tensile test 




pure epoxy 52.5 3.232 0.013 
0.1wt%MWNTs 79.7 3.575 0.03 
0.3wt%MWNTs 58.5 4.375 0.013 
0.5wt%MWNTs 53 4.603 0.01 
0.1wt%GNPs 59.8 3.294 0.025 
0.3wt%GNPs 58.7 3.572 0.026 








Fig. 26. ultimate tensile strength of pure epoxy and epoxy nano-composites with different 
weight fraction of additives 
 
In terms of ultimate tensile strength, epoxy nano-composites with different 
nanofillers additives out-performed the pure epoxy overall. The tensile strength of 0.1% 
MWNTs/epoxy composites were about 50% higher than that of pure epoxy. In contrast, 
0.1% GNPs/epoxy composites acquired 14% increase in the tensile strength. Higher 
nanofillers loadings also displayed increased tensile strength when compared to the 
baseline pure epoxy, but the improvement was not as impressive as that from 0.1% weight 
fraction of nanofillers. In summary, the epoxy nano-composites offered the maximum 
reinforcement in ultimate tensile strength at relatively lower nanofiller loading. Although 
the promotion of ultimate tensile strength tended to decay as the nanofillers weight fraction 








Figure. 27.  Young’s modulus of the pure epoxy and epoxy nanocomposties with 
different weight fraction of additives. 
 
Young’s modulus was roughly estimated from the slope of stress-strain curve 
through curve fitting. The modulus of nano-composite seemed to increase as the additives 
concentration increased. Incorporation of 0.5% weight fraction of MWNTs caused its 
Young’s modulus to increase by about 40%. And by introducing the same weight fraction 
of GNPs, there was around 36% increment in Young’s modulus. The empirical results 
exhibited that the significant enhancement of Young’s modulus occurs with a higher value 
of weight fraction. 
 
3.3.2 Theoretical Analysis of Young’s modulus 
The Halpin-Tsai model which accounts for the aspect ratio, volume fraction of each 
constituent as well as the tensile properties of the matrix and inclusion has been used to 






model, MWNTs can be treated as randomly oriented fiber lamina, and the Young’s 
modulus was estimated from the Equation 8. 
Equation 8: Where EC=Young’s modulus of the composite, EM=Young’s modulus of the 
epoxy matrix, l=length of MWNTs (20µm), d=average outer diameter of MWNTs 
(15nm), Eeq= (2t/r)EMWNT is equivalent modulus of the MWNTs considering the hollow 
tube as a solid cylinder, t=nanotube wall thickness (3.75nm), r=nanotube radius (7.5nm), 
















































Unlike MWNT is regarded as cylinder fiber, GNP is assumed as rectangular sheet 
with width (w), length (l) and thickness (t). To predict the GNP nano-composites modulus, 
the Halpin-Tsai model is modified as Equation 9. 




















































In order to get the volume fraction VMWNT or VGNP, weigh fraction need to be 





𝜌𝐶 = 𝜌𝐹𝑉𝐹 + 𝜌𝑀𝑉𝑀 = 𝜌𝐹𝑉𝐹 + 𝜌𝑀(1 − 𝑉𝐹); 
Here 𝜌𝐶 , 𝜌𝐹  and 𝜌𝑀  mean the density of composite, nanofiller and matrix 
respectively. VF and VM represent the volume fraction of naofiller and matrix respectively. 
MF is the weight fraction of the nanofiller. By combining the two equations above, volume 
fraction can be written as Equation 10. 









The density of 2000 epoxy resin was 1.135g/cm3 measured by the material supplier. 
The density of MWNTs and GNPs were ρMWNT= 2.1g/cm
3 and ρGNP=1.9g/cm
3 obtained 
from the company. Thus the corresponding volume fraction for a 0.5% weight fraction of 
nanofillers were calculated as VMWNTs=0.271%, VGNPs=0.299% respectively. The 
theoretical prediction of Young’s modulus for GNP composite at that nanofiller loading 
level was around 4.04GPa, which underestimated the experimental results by about 10%. 
This could probably be a result of the wrinkled surface of GNP which was different from 







3.3.3 Dynamic tensile fatigue test 
To evaluate the composites’ performance under dynamic fatigue conditions, the 
tensile fatigue tests were conducted using a MTS servo-hydraulic fatigue testing machine. 
For both MWNTs and GNPs nano-composites, we tested 3 samples to check for 
reproducibility at each weight fraction of additives and took average as their fatigue lives. 
Cyclic loading condition was set as: Amplitude=0.18 kN, Mean=0.22 kN (stress ratio 
R=0.1); frequency=1 Hz. Each sample and the average number of cycles to failure were 
recorded in table 6. 
 
Table. 6. Mean fatigue life of pure epoxy and its composites with various weight 
fractions of additives 
Materials Fatigue life (cycles) 








Comparative enhancement in mean fatigue life was achieved over a wide range of 
filling fraction for both MWNTs and GNPs. The fatigue life of composites with 0.5% 
weight fraction of MWNTs was improved by 4-fold approximately from 2327 cycles to 
8000 cycles as compared to the pure epoxy. For the composites with 0.3% weight fraction 






Bortz’s paper, the fatigue life of reinforced composites might be sometimes on par with or 
even inferior to the pristine material [20]. This phenomenon might probably be ascribed to 
the competition between the beneficial reinforcement from isolated nanofillers and 
detrimental stress concentration effect caused by agglomeration of nanofillers. So there 









CHAPTER 4. DISCUSSION 
4.1 Copper Nanoparticles Coating Deposited by Laser-induced Chemical Deposition 
From the test results of nano-hardness test, samples with nanostructured porous 
material have different mechanical properties than the copper substrate. Both 3μm and 8μm 
deposited samples show larger variation for hardness and modulus when coming to the 
nanoscale. On top of that, the values of hardness and modulus seem to be affected by the 
indent positions. This probably results from surface roughness of the tested areas or non-
uniform coating during deposition process, especially when the detecting indenter is only 
dozens of nanometers and comparable with nanoparticle size. While for the solid copper 
substrate, a much more consistent values are seen with lower variation. 
The porosity is spontaneously involved in the results when modulus and hardness 
are measured. The average modulus and hardness of deposited coating are much lower than 
those of copper solid substrate overall, which is an evidence of the porosity in the deposited 
coating [21]. If we look into each indent location on every sample and compare those 5 
values of hardness or modulus obtained from 5 loading steps within one single indentation, 
it is easy to find out that both modulus and hardness increase slowly as the penetration 
depth grows for most indent locations (Fig. 28-Fig. 29). This agrees well with Xi Chen’s 
work [22] about porous material and suggests that local densification of porous material 






A better convergence of modulus at higher applied load also indicates that homogeneity or 
the density of the local neighborhood in the vicinity of the indenter has increased as the 
indentation depth has increased. However, there were few indent locations showing a 
contrary phenomenon. These might be caused by some intrinsic defects such as vacancy or 
surface-connected pores.  
 
Figure. 28.  Average hardness vs. contact depth under five different loads 
 






When comparing the results of sample 1 and sample 4, we also learn that the nano-
hardness value for sample 4 is slightly higher. The possible reason is that as the coating 
thickness increase, localized densification (lower porosity) around the indenter becomes 
more significant after a longer time of deposition. 
The Knoop hardness (HK) of sample 1 is even higher than that of copper substrate. 
This could be ascribed to the substrate interfering. For the optimum accuracy of 
measurement, the thickness of coating is usually at least ten times the depth of the 
indentation in order to minimize the substrate effect. For our Knoop hardness test on 
sample 1, the indentation depth is about 1.5μm which is almost half of the 3μm coating. 
While for Knoop hardness test on sample 4, the indentation depth is about 1.9μm which is 
only 20% of the 8μm coating. To some extent, the micro-hardness values of sample 1 is 
more likely to be influenced by the presence of copper substrate. So the micro-hardness 
values of sample 4 are more accurate than that of sample 1, and thus closer to the results 
from nano-indentation. In addition, the micro-hardness values are very sensitive to the 
applied load and shape of indenter. This can also lead to a large error when considering the 
substrate. 
 
4.2 Epoxy Nano-composites Synergized with Carbon Nanofillers 
Desirable improvement of tensile properties is seen due to the influence of 
nanofillers inside the epoxy matrix for both MWNTs and GNPs composites overall. The 
wrinkled and rough surfaces of those nanofillers (Fig. 30), along with their large contact 






superior adhesion at the inclusions/matrix interface. However, a degradation of 
performance is also observed after a certain amount of filling fraction is reached. This 
deterioration of improvement can be mainly explained by the agglomeration or bad-
dispersion of the nanofillers. The high surface area between nanofillers always results in 
larger Van der Waals force and consequently makes it easier to aggregate and stack, 
especially for the 2-dimensional GNP as clusters of GNP in the powder are even visible 
before dispersion. Those agglomerates would not only debilitate the interfacial bonding 
through decreasing the specific surface area, but also form disadvantageous voids and holes 
by preventing polymer from flowing into the agglomerates [23]. These defects, contained 
in the agglomerates, have a great impact on the performance of nano-composites if at high 
concentration. 
 
Fig. 30. SEM image of graphene nano-plates from material supplier Cheat Tube 
Under the cyclic-loading condition, both MWNTs and GNPs are capable of 
prolonging the fatigue life. But GNPs seem to endow its polymer nano-composite with a 
better fatigue property because the responsible mechanisms of crack resisting are not 






mechanism is crack bridging which means the crack is “bridged” by the carbon nano-tube 
near the crack front. Evidence is the pull-out or rupture of the nano-tubes observed at the 
fracture surface [24]. When initial crack is advancing, the crack propagation rate will be 
slowed since more energy needs to be absorbed to overcome the friction caused by the pull-
out of fibers. While for the GNPs, the predominant mechanism of fatigue suppression 
becomes crack deflecting. Crack front will veer out of its original propagation route when 
it encounters a series of rigid graphene nano-platelets. The coarse fracture surface observed 
from SEM pictures indicates that crack deflecting happened and new fracture surface is 
generated during the process of crack continuation [20]. As the crack tip is forced to tilt or 
detour around the sheets, it also dissipates more energy for the growth of crack because 
crack under mix-mode loading condition requires a larger driving force to propagate than 
just under fracture mode I (opening mode). Moreover, the ultrathin planar nanostructure of 
GNP, combined with its high aspect ratio and specific surface area, makes it more effective 








CHAPTER 5. CONCLUSIONS 
In the first part, we studied the mechanical properties of a uniquely deposited 
coating of copper nanoparticles on copper substrate. The results have shown that there is a 
propensity for high scatter and variation in the mechanical response as observed from the 
nano-indentation test. The porosity of the deposited coating in the localized testing regions 
and the coating thickness have an effect on the mechanical properties of such engineered 
deposition and composites. From the results of nano-indentation test, it is observed that the 
elastic modulus and hardness of the sample show a strong correlation to the indentation 
depth. As the indentation depth increased, the values of the elastic modulus and hardness 
increased. This trend could be attributed to either the densification (porosity decrease) of 
the porous material underneath the indenter or the presence of copper substrate at higher 
indentation depth. At small indentation depth (less than 10%) compared to the coating 
thickness, the effect of the substrate material is negligible as the coating is predominantly 
responsible for the mechanical response to the micro-indentation. The fatigue test results 
present some nano-particles loss or coating peel-off after cyclic loading which imply that 
we may have a different mode of fracture or damage than that of a dense part. Meanwhile 
the adhesion test results have shown that the nanostructured materials deposited by laser-






In the second part, we have demonstrated that both tensile properties and fatigue 
life have been improved by introducing nanofillers into epoxy matrix. Enhancement in 
tensile strength is modest but better at lower nanofillers weight fraction while Young’s 
modulus appears to gain notable boost at higher loading fraction. So an equilibrium point 
has to be figured out to balance the behaviors of such polymer nano-composites based on 
different applications. GNP is more remarkable at fatigue crack pinning over MWNT due 
to its unique geometry and toughening mechanism. However, in order to fully realize the 
potential of carbon-based composite materials, a crucial issue is to disperse the nanofillers 
uniformly in the matrix or namely minimize the effect of agglomeration. In some literatures 
[11, 23, 25], this problem can be partly resolved by means of adding functional group or 
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